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Epitaxial thin lms of undoped LaCoO3, of eletron-doped La0.7Ce0.3CoO3, and of hole-doped
La0.7Sr0.3CoO3 exhibit ferromagneti order with a transition temperature TC ≈ 85 K, 22 K, and
240 K, respetively. The spin-state struture for these ompounds was studied by soft x-ray magneti
irular dihroism at the Co L2,3 and O K edges. It turns out that a higher spin state of the Co
3+
ions is responsible for the magnetism in LaCoO3 while for La0.7Ce0.3CoO3 the Co
3+
ions are in a
low-spin state and the ferromagnetism is predominantly determined by Co
2+
. For La0.7Sr0.3CoO3,
on the other hand, the magnetism originates from higher spin states of Co
3+
and Co
4+
. Moreover,
a strong magneti anisotropy is observed for all systems.
Transition-metal oxides with strong eletroni orrela-
tions have long been known for their exeptional ele-
troni and magneti phenomena, frequently posing fun-
damental hallenges for our understanding of ondensed
matter: high-temperature superondutivity in uprates
or olossal magnetoresistane and omplex orbital order-
ing in manganites are but a few examples. Spearheaded
by superonduting NaxCoO2 · yH2O [1℄ and by magne-
toresistive and orbital ordering eets in RBaCo2O5+x
[2℄, obaltates have reently emerged as a further enter
of interest. They are distinguished and even unique in
that they oer an additional and possibly tunable aspet
 the spin degree of freedom.
Among the many ompeting interations ourring on
similar energy sales (e.g., Hund's oupling, rystal eld,
double exhange, and orrelation), the spin degree of free-
dom is essentially determined by a deliate balane be-
tween the rystal-eld splitting ∆CF, i.e., the energeti
splitting between t2g and eg orbitals, and the exhange
interation Jex assoiated with Hund's rule oupling. De-
pending on the relative values of ∆CF and Jex, eletrons
are redistributed between t2g and eg levels, thereby pro-
duing in the example of Co
3+
three possible spin on-
gurations [3℄: a low-spin state (LS, t62ge
0
g, S=0), a high-
spin state (HS, t42ge
2
g, S=2), and an intermediate-spin
state (IS, t52ge
1
g, S=1). In the partiular ase of bulk
LaCoO3, however, the existene of an IS state is still un-
der debate [4, 5, 6, 7, 8℄.
In a previous work [9℄ it was reported that in on-
trast to bulk material, epitaxial thin lms of LaCoO3
beome ferromagneti below the Curie temperature, TC,
of 85 K while polyrystalline thin lms grown under sim-
ilar onditions behave like the bulk material where no
indiation for ferromagnetism is found down to 5 K. It
was demonstrated that epitaxial thin lms do not show
any signiant hanges for temperatures between 30 K
and 450 K, implying that the spin state remains on-
stant and that the tensile strain inhibits a population of
the LS state with dereasing temperature [10℄. Instead,
ferromagneti order an also be indued in LaCoO3 by
partial replaement of La
3+
by Ce
4+
or by Sr
2+
. A 30 %
substitution by Ce
4+
(Sr
2+
) leads to a TC of 22 K [11℄
(240 K [12℄). This doping-dependent disrepany of TC
is in ontrast to what is found for the manganites where
an equivalent amount of eletron/hole doping leads for
the Mn t32ge
1±x
g onguration to a omparable hange of
TC, respetively; for the manganites it was also shown
that the ferromagneti ordering is basially indued by
the double-exhange mehanism [13℄. Furthermore, dop-
ing and epitaxial strain usually modify the Co-O-Co bond
angles and the Co-O bond lengths. Sine ∆CF is strongly
aeted by hanges in the Co-O bond lengths, the bal-
ane between ∆CF and Jex an easily be inuened by
epitaxial strain and (eletron/hole) doping. Of ourse,
strain and doping eets oexist for doped thin lms.
To eluidate the mehanism leading to the mag-
neti properties in the obaltates we ompare the
soft x-ray magneti irular dihroism (SXMCD)
of epitaxially strained LaCoO3 (LCO), of eletron-
doped La0.7Ce0.3CoO3 (LCCO), and of hole-doped
La0.7Sr0.3CoO3 (LSCO). All lm samples were grown
on <001> oriented 0.1 % Nb-doped SrTiO3 (Nb:STO)
substrates by pulsed laser deposition using stoihiomet-
ri sinter targets of the orresponding ompound. Film
thikness was about 50 nm. The growth onditions were
the same as those reported in Refs. [9, 10, 11, 12, 14℄.
The samples were haraterized by x-ray diration
and magnetometry in a SQUID. Using the setup of
the Max-Plank-Institut für Metallforshung (Stuttgart,
Germany), SXMCD measurements were performed at
20 K in total eletron yield and with an applied mag-
neti eld of ±2 T at the Institut für Festkörperphysik
beamline WERA at the ANKA synhrotron light soure
(Karlsruhe, Germany). The energy resolution was set to
0.3 eV for the Co L2,3 edge and to 0.15 eV for the O K
edge. To study
~B ‖ ~n and ~B ⊥ ~n anisotropies, spe-
tra were taken at normal inidene (ϕ = ∢(~n,−~k) = 0◦)
and at grazing inidene (ϕ = 65◦), where ~B is the mag-
neti eld, ~n the surfae normal of the sample, and ~k the
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Figure 1: (olor online) ϕ = 0◦ and ϕ = 65◦ Co L2,3 SXMCD
spetra of LCO taken at 20 K. A lear anisotropy between
normal and grazing inidene is found. The magneti ordering
is essentially aused by higher spin Co
3+
states.
propagation vetor of light.
~B ⊥ ~n values are derived by
extrapolating ϕ to 90◦ [15℄. After orretion for photon
ux variations and for the bakground, the spetra were
normalized at the edge jump, and the nite degree of
irular polarization (0.85) was taken into aount. Pho-
ton energy alibration was ensured by adjusting the Ni
L3 peak position, measured on a NiO single rystal be-
fore and after eah SXMCD san, to the established peak
position [16℄.
Fig. 1 shows the SXMCD spetra of LCO taken at
20 K. A lear anisotropy is found between normal and
grazing inidene. Compared with the ϕ = 0◦ spetrum,
the ϕ = 65◦ spetrum has a muh higher intensity and
also the spetral features signiantly dier for the two
spetra: A distint double peak is found in the ϕ = 65◦
data with feature A around 778.1 eV and feature B at
780.0 eV, while feature C around 778.9 eV followed by a
broader peak at ≈ 780.1 eV (feature D) appears for the
ϕ = 0◦ spetrum. Moreover, the SXMCD signal at the
L2 edge is almost absent in the ϕ = 0
◦
data. This strong
anisotropy already illustrates that the easy axis and the
magneti moments of LCO lie predominantly within the
lm plane. Additionally, we have inluded in Fig. 1 the
spetrum of a sample where the only magnetially ative
sites are Co
2+
[17℄. Apparently, Co
2+
has two hara-
teristi spetral features: An upturn at around 777.7 eV
(feature E) and a broad peak entered at 778.5 eV. In-
terestingly, feature E is found in the ϕ = 0◦ spetrum of
LCO. Judging from the size of feature E in the ϕ = 0◦
spetrum, a small amount of Co
2+
is present in LCO due
to some residual oxygen deieny [10℄. The peak of the
Co
2+
spetrum at 778.5 eV seems to be partially om-
pensated in the ϕ = 0◦ spetrum by the spetral weight
(SW) of feature C. On the other hand, no indiations for
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Figure 2: (olor online) ϕ = 0◦ and ϕ = 65◦ Co L2,3 SXMCD
spetra of LCCO taken at 20 K. In ontrast to LCO, a redued
anisotropy between ϕ = 0◦ and ϕ = 65◦ spetra is found. The
magneti ordering is predominantly determined by Co
2+
.
feature E and, thus, for oxygen deieny appear in the
ϕ = 65◦ data. Taken together, this indiates a negligi-
ble ontribution of the oxygen-deient indued Co
2+
to
the total SXMCD SW in the LCO sample, and it is ev-
ident from the data shown in Fig. 1 that the magneti
moment in LCO is essentially determined by higher spin
Co
3+
states. Using the established XMCD sum rules,
estimates for the spin and orbital ontributions of the
magneti moments an be derived [15, 18, 19℄. The val-
ues determined in this way for LCO are shown in Ta-
ble I. The moments given there and espeially the nega-
tive value of ∆orb = m
⊥
orb −m
‖
orb reet the strong mag-
neti anisotropy of the sample with the orbital moment
and, as a onsequene of the spin-orbit oupling, also the
spin mainly residing within the lm plane. Employing a
single-ion model where mspin ≈ 2 · 〈Sz〉 µB/Co, the mea-
sured spin moment of 1.42 µB/Co orresponds to ≈ 36
% of Co
3+
in an HS state or to 72 % of Co
3+
in an IS
onguration. Yet only the rst senario is in agreement
with the estimates obtained from multiplet alulations
[10℄. We will ontinue the disussion of the spin state in
the ontext of the O edge.
In Fig. 2 the ϕ = 0◦ and ϕ = 65◦ Co L2,3 SXMCD
spetra of LCCO are depited. For referene the Co
2+
spetrum is again inluded. In ontrast to LCO, the
anisotropy between the ϕ = 0◦ and ϕ = 65◦ spetra is
redued for LCCO and the spetral shape is very similar.
Nevertheless, the still remaining anisotropy reveals that
the easy axis and the magneti moments of LCCO prefer-
ably reside in the lm plane, too. The spetral shape
of the LCCO data learly diers from that of LCO: a
small but onspiuous peak is now observed at 776.9 eV
(feature F) followed by the upturn typial for Co
2+
(fea-
ture E desribed above). A dominant peak is found at
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Figure 3: (olor online) ϕ = 0◦ and ϕ = 65◦ Co L2,3 SXMCD
spetra of LSCO taken at 20 K. For omparison the ϕ = 0◦
and ϕ = 65◦ Co L2,3 data of LCO are inluded. The magneti
ordering is aused by higher spin Co
3+
/Co
4+
states.
≈ 778.7 eV (feature G) with a sharp shoulder around
778.2 eV on the low-energy side of the peak and a broad
shoulder on the high-energy side. The features at the
Co L2 edge are again quite small. When omparing the
main peak at the L3 edge of LCO and LCCO, a lear
shift to lower energies by more than 1.3 eV ours for the
latter and the SW in the energy range of the Co
3+
states
is strongly suppressed. This, however, is possible only if
the Co
3+
ion is in an LS state and the magneti moments
of LCCO are dominated by Co
2+
. Aording to the sum
rules, the estimates shown in Table I are dedued for the
spin and orbital ontributions of the magneti moments.
Table I: Spin moment mspin and spin density anisotropy m
‖
T
and m⊥T together with the orbital moments m
‖
orb and m
⊥
orb.
m⊥T and m
⊥
orb are the out-of-plane moments measured at ϕ =
0
◦
while m
‖
T and m
‖
orb are the in-plane projeted moments
alulated from the measured quantities at ϕ = 0◦ and ϕ =
65
◦
as disussed in [15, 18℄. In addition the averaged orbital
moment mavorb, the dierene ∆orb = m
⊥
orb − m
‖
orb, and the
ratio mavorb/mspin are given.
LCO LCCO LSCO
mspin (µB/Co) 1.422 0.856 2.500
m
‖
T (µB/Co) -0.081 -0.026 -0.084
m⊥T (µB/Co) 0.171 0.065 0.168
m
‖
orb (µB/Co) 0.171 0.132 0.346
m⊥orb (µB/Co) 0.030 0.065 0.151
mavorb (µB/Co) 0.124 0.110 0.281
∆orb (µB/Co) -0.142 -0.067 -0.196
mavorb/mspin 0.087 0.128 0.113
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Figure 4: (olor online) OK SXMCD and absorption of LCO,
LSCO, and LCCO taken at 20 K. The absorption intensity is
strongly doping dependent. A strong XMCD eet is found
for LCO and LSCO while it is small for LCCO. Inset: ex-
peted SW for eg and t2g levels (for details, see text).
Assuming again a single-ion piture, the spin moment of
0.86 µB/Co is onsistent with all 30 % Co
2+
in an HS on-
guration. Correspondingly, the remaining 70 % Co
3+
are in an LS state. With this Co
2+
-HS, Co
3+
-LS pop-
ulation the insulating behavior of the ompound is also
understandable, as the hopping proess of the eletron
from the Co
2+
to the Co
3+
site is strongly suppressed
by a spin blokade similar to that reported in [20℄. It
might be speulated that the Co
2+
HS state (with its
large ioni radius) is stabilized by the tensile strain im-
posed by the substrate and the (ompared to the Co
3+
HS or IS ion) redued radius of the Co
3+
LS state. It
seems also worthwile to ompare the LCCO data with
the Co
2+
spetrum shown in Fig. 2: while all Co
2+
states have a harateristi upturn around 777.7 eV (fea-
ture E), peak F at 776.9 eV is unique for the Ce-doped
samples. This illustrates that the Co
2+
SXMCD, even
though presumably being all HS, is heavily inuened by
the hemial surroundings: its shape depends on whether
Co
2+
is indued by oxygen deieny or by Ce
4+
doping.
Fig. 3 shows the ϕ = 0◦ and ϕ = 65◦ Co L2,3 SXMCD
data of LSCO. For omparison, the orresponding spe-
tra of LCO are inluded. The two LSCO spetra have
a very similar spetral shape: both exhibit a peak at
780.1 eV (feature B) with a shoulder around 778.0 eV
(feature A) on the low-energy side. Hene, the energeti
positions of these strutures oinide for LSCO and LCO.
Yet in ontrast to LCO, the L2 edge of LSCO does no
longer exhibit a double-peak feature but rather a single
peak at 794.1 eV with a shoulder on the low- and high-
energy side. Sine it is well known that the spetral shape
of the L2 edge is very sensitive to the spin state [21℄, this
nding already points to a dierent Co
3+
spin state in
LCO and LSCO. Also for LSCO a strong anisotropy with
the magneti moments lying within the lm plane is al-
4ready obvious from the spetra. This is further supported
by the estimates for the magneti moments obtained from
the sum rules: again the orbital and spin moment shown
in Table I are found to be oriented within the lm plane.
In a single-ion piture, the spin moment of 2.5 µB/Co is
onsistent with 70 % Co
3+
in an IS state, 20 % Co
4+
in an
IS onguration, and 10 % Co
4+
in an HS state. Despite
the somewhat inreased value of the spin moment, the
data are ompatible with the suggested Co
3+
IS/Co
4+
IS piture [22, 23, 24℄ and the 2.3 µB/Co expeted for
the ideal Co
3+
IS/Co
4+
IS onguration: the inreased
spin moment and, onsequently, the 10 % Co
4+
found
in an HS state seem to be imposed by the tensile strain
oexisting with the doping in thin lms. It is supposed
that the spins ouple in LSCO with the harge via the
double-exhange mehanism whih eventually leads not
only to the ferromagnetism but also to the onduting
properties of the system.
In Fig. 4 the ϕ = 65◦ O K absorption and SXMCD
spetra of LCO, LSCO, and LCCO are ompared. For
LCCO a strong peak entered around 530 eV is found in
the absorption data. Using the nomenlature of Ref. [10℄,
this feature orresponds to a large number of unoupied
states in the eg area. The states in the t2g area (below 529
eV), on the other hand, are almost ompletely oupied.
This result an be qualitatively understood in terms of a
very simplied model where harge transfer between Co
and O is negleted and just the number of unoupied
states of the eg and t2g levels is ounted: For the 70 %
Co
3+
LS states both eg levels are vaant in LCCO and
the t2g levels are ompletely lled; for the 30 % Co
2+
HS ions both eg and one t2g level are half-lled while
two t2g levels are lled. Consequently, this onguration
leads to the observed strong SW of the eg states and a
quite small intensity for the t2g area. When going to
LCO, SW is transferred from the eg to the t2g range,
reeting a transfer of eletrons from t2g to eg levels. This
rearrangement, however, is expeted in our simple model
for the 36 % Co
3+
HS (64 % Co
3+
LS) onguration
determined for LCO (see inset of Fig. 4) [25℄. For LSCO,
the transfer of SW from the eg to the t2g range ontinues.
Using again our simple model, the observed transfer of
SW is onsistent with the 70 % Co
3+
IS, 20 % Co
4+
IS,
and 10 % Co
4+
HS onguration disussed above. Thus,
the O K absorption data orroborate the dierent spin
states found for LCO, LCCO, and LSCO at the Co L2,3
edge.
The O SXMCD spetra in Fig. 4 show a strong peak
in the t2g area for LSCO and LCO and a very small one
in the eg area for LCCO. For LSCO this feature reets
the transfer of a t2g eletron's spin and orbital moment
from the Co to the O site onomitant to the double
exhange between Co
3+
and Co
4+
sites. In the ase of
LCCO the vanishing SXMCD SW demonstrates that the
eletrons are very loalized due to the spin blokade and
do not indue a magneti moment at the O site by hop-
ping. For strained LCO nally, the peak observed in the
t2g area suggests that ferromagnetism is most probably
established via superexhange where the spin and orbital
moment of t2g eletrons is transferred between Co and
O. Further investigations will have to determine if this
superexhange goes along with orbital ordering.
In onlusion, the present work establishes spe-
trosopially that due to dierent spin ongura-
tions, ferromagnetism has a dierent origin in strained
LaCoO3, eletron-doped La0.7Ce0.3CoO3, and hole-
doped La0.7Sr0.3CoO3. This gives a natural explanation
for the strong disrepany found for the Curie tempera-
ture between the 30 % eletron-doped (TC ≈ 22 K) and
the 30 % hole-doped (TC ≈ 240 K) perovskite obaltate.
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